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TRANSCRIPTION OF T CELL ANTIGEN RECEPTOR GENES IS INDUCED BY
PROTEIN KINASE C ACTIVATION'

TIJLLIA LINDSTEN,2 CARL H. JUNE.' AND) CRAIG B. THOMPSON*

Front the *Howard Hughes Medical Institut e and Departments of Medicine and Microbiologyj/Irmunotogy. University of
Michigan. Ann Arbor. MI 48109. and + Naval McdtcalI Research Institute, Bethesda. MD 20814

The regulation of expression of the TCR-ar and -6, of V. J, C, and in the case of the /3-chain, D region gene
genes was studied in the human T cell tumor line segments (4-8). The TCR is associated on the cell surface
Jurkat. Treatment of the cells with PMA was shown with the CD3 complex of proteins. which consists of two
to decrease the surface expression of the TCR-a/O/ glycoproteins.,y and 6 and two nonglycosylated proteins.
CD3 complex. Subsequent to PMA-induced modula- (and s' (9-14). During activation of T cells wvith Ag,
tion of the TCRJCD3 complex,, increases in the mitogens or PMA. serine phosphorylatlon of the -y-chain
mRNA levels of both the TCR-a'and 4,8 genes were takes place (15-17). In addition, the c-clhain is phospho-
observed reaching a maximum 12 h after stimula- ryla4 ed on tyrosine residues after Ag and mitogen but not
tion. Other T cell activators were also examined for PMA activation (16, 18). Activation of T cells by either
their ability to increase TCR-a and -,8 mRNA expres- antibodies directed against the TCR/CD3 complex or PMA
sion. Only agents that activkp -protein kinase C leads to a rapid decrease in cell surface expression of the
were shown to induce expression otemTCR~jand TCR/CD3 complex (3. 17, 19-21). Although some work-
0 genes., The observed increases in TCR&_ and e$ ers have reported that the TCR/CD3 complex can be shed
gene mRN levels were not the result of a uniquely from the cell surface 119), several recent studies suggest
derived Ju t sublime. Similar inductions of TCR- that the decrease in the surface expression of the TCR/
a and -0 rt levels were observed in an independ- CD3 complex after PMA or anti-CD3 stimulation Is due
ently mainta ed Jurkat cell line. In both cell lines, primarily to internalization (22. 23). In view of the re-
elevatons of CR gene expression was accompanied ported modulation of the TCRJCD3 complex, we have
by a dectlne n the expression of the c-myc proto- investigated TCR-a and TCR-0 gene transcription and

neogene. P induction of TCR-a and -# m2RNA steady state mRNA expression after phorbol ester-me-
was shown t occur in the presence of the protein diated activation of the human T cell tumor line Jurkat.
synthesis inh itor cycloheximide. The 1.6-kb TCR- The Jurkat cell line was chosen as a model because of

cxadth .- b S~~TC- ee rncipswr the availability of cDNA probes specific for Jurkat TCR-
fully induc in the presence of cyclohexiniide, a and TCR-13 genes (24. 25) as well as clonotypic antibod-
whereas the 1.3-kb V,,D,JBCO transcript was only ics directed against the Jurkat Ag receptor (26).
partly inducd in the presence of cycloheximide. We confirmed that, in the Jurkat cell line, PMA treat-
Run-on tran cription assays demonstrated that themetlasoarpidcesenTC/3sufe
increase in ICR-a and -0 mRNA levels could be en- uxpression apparent within 1 h after addition of PMA. In

tirel Icotdfrb nrae ntetasrp contrast, the steady state mRNA levels of both TCR a-
tion rate of l~th genes after PMA induction. Thus, adTR~3cangnsd o ei oices ni
in summary. ~rotein kinase C stimulation leads to several hours after stimulation with either PH-A or PMA
TCR-a/,2 moddlation in Jurkat cells and an increase of Jurkat cells. Within 6 to 12 h after stimulation both
in steady state TCR- " and -O zRNA levels as a result C-anTC-3sedstemRAlvsicrse5

of tansciptonalactvatin ~ bot gees. ' - to 10-fold. Both the 1.3 kb TCR-3 mRNA. shown previ-
- i~~.)4 ously to represent full-length VD.4,,C,, transcripts, and

The al/3 TCR is a disulfide-bonded hicterodimer co-n- the 1.0-kb TCR-13 mRNA. which represents sterile O,,J,,C,
sisting of an acidic (Y- and a basic 13-chain (1 -3). The a- transcripts (24, 27). are Inducible. These increases in
and !3-chains are encoded by separate genes that are expression are due to corresponding Increases In tran-
assembled during T cell development by rearrangement scription as assayed by nuclear run-on experiments. Fur-

thermore, the increased expression of the 1.6-kb TCR-a
mRNA and the 1.0-kb D,.,C. mRNA are independent of

Receivedl for publication NIWrrh 23. F958. new protein synthesis. wvhereas the increase of the fune-
Atccpted for puiblication Junto 2. 1 9H,4.
The cost% of iuthlication of this airitS I wcrr at-fr.ived In piart tv te tional 1 .3-kb ',,D.4,C., rnRNA is partially dependent on

payment of page charves. This article tmrt Ow.4 her livhrohv ma1:rked new protein synthesis. These results suggest that meeb-
aoricrilsviiii,,t li accrd woie wit h I IiU... r4 ' 4 17> 1 solc,-t N,~ 4040 anisms for both coordinate and independent regulation
cl* ('I th Is fact.

This work was sojijtortrd 141 part hv Nrc\.!lN-i Ml,. I*~* m Id of thc TCR-otand TCR-11 genes exist. Our data also sI Ig4.cet
D 1evelopmoentI Cromn Thel9 rtt o7 i 'o~1l'1. -til e presence of' an i ndu ci ble reguli atory ceet ill11 tile
LN1,4r- , - :AI-1 .11.11, (; 1, 44 4.1 ' ' i.i' .III.' r , o

c44,45trm-dw1 ihi a ~~ l or o ilcr1t gitf- viwv'1l iht-i 04VI~.' . 1i ll~ ' I~irl ,i ! '(Iid~'''e
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and Jurkat II (the generous gift of I)r. J. M. Leiden. Howard Ilughes TAIIL- I
Medical Institute. University of Michigani. Mil. Unless otherwise I'MA de -ras,,s Ii fate- V.pression (i "(U/(TIf
Indicated. the experiments shown in this paper used the Jurkat I Mi. Flutrct lcC tlt t'lv'
cell line. Exponentially growing Jurkat cells maintained In NI'MI -1line Fluor(- ence Inu ti ____e

with 10% FCS were stimulated with the following agents: I'HA th) "'' 11 1C (

;Igma Chemical Co.. St. Louis. MO) at 10 ug/nil. PMA (Sigma) at 3 - C3051 (wl
, 
I tIi

.ig/ml or 10 ng/ml. or mAb 9.3 (anti-CD28) produced as previously. Medium 1 148 274 103 478
described (29) and used at a final concentration of 100 ng,/ml. In. I'MA 1 54 20 57 5S3
some experiments, the cells were treated with CIIX3 (Sigma) at 10 Medium 10 155 313 94 487
Ag/ml. PMA 10 29 77 6 595

Northern blot analysis. Cells were harvested and total cellular
RNA was prepared using guanidinium isothiocyanate. as previously "Mean fluorescence intensity was quantitated on a linear scale and
described (30). The samples were equalized for ribosomal R4NA by channel number is shown. Cells were stained with antibodies directed

ethidlum bromide staining after separation on 1% non-denaturing against CD3. CD2. and TCR as described in Materials and Methods.

agarose gels, as described (31). The equalized RNA samples were
then separated on 1% agarose-formaldehyde gels and transferred to and at 10 h the decrease Is even more pronounced, reach-
nitrocellulose. Hybridization was in 50% formamide. 10% dextran Ing more than 80%. Staining with a control antibody,
sulfate, 5X SSC (1x SSC Is 0. 15 M NaCl and 0.015 M sodium citrate).
Ix Denhardts solution. 25 mM sodium phosphate. pH 6.5, and 250 anti-CD2. showed a marginal increase upon PMA stimu-

ug/ml Torula yeast RNA. at 42*C for 16 to 20 h. After hybridization. lation.
filters were washed twice for 5 min in Ix SSC. 0.1% SDS at 20°C PMA treatment increases steady state mRNA levels
and then twice for 30 min in 0. 1 X SSC, 0. 1% SDS at 55°C.

DNA probes. The TCR-a cDNA clone pY 1.4 contains a full length of the TCR-a and TCR-0 genes. Exponentially growing

copy of the TCR-a gene (25. and the T('R-O eDNA probe Jurkat-62 Jurkat cells were treated for 12 h with PMA and cyto-
contains J and C regions of the TCR-# gene (24). Both probes were plasmic RNA was prepared. The RNA samples were
obtained from a Jurkat cDNA library (24. 25). 6-Actin and GPD
cDNA probes have been previously described (32, 33). The 28S equalized to ribosomal RNA (see upper panel of Fig. 1) to

ribosomal gene probe was prepared by digesting the rA genomic provide a stable reference to compare mRNA levels of
clone (34) with EcoRl and BamHl to generate a 1.6-kb fragment. specific genes after cellular activation by the different
which was subeloned into pGEM4. Inserts (50 to 100 ng) of the above stimuli used (31). The Northern blot in Figure I shows
mentioned plasmids, obtained after digestton with the appropriate
restriction endonucleases and separation on low melting point aga- that TrCR-a gene expression increased 5- to 10-fold upon
rose, were labeled by nick translation to a sp. act, of 3 x 108 to 9 x stimulation of the cells with PMA for 12 h. A similar
108 cpm/pg. Labeled probes were added to a final concentration of increase was seen when the Jurkat cells were treated
100 cpm/ml of hybridization mix.

Run-on transcription assays. Nuclei were prepared as previously with PMA for 12 h but not when stimulated with the
described (35) and resuspended to 50 mM Tris. pH 8.3. 40% glycerol. mAb 9.3, which stimulates T cell activation via a path-
5 mM MgCI 2. and 0.1 mM EDTA. Nuclear run-on transcription assays way independent of protein kinase C. mediated by CD28
were performed using fresh nuclei as described by Groudine et al.
(35) and modified elsewhere (36). Generally, 3 X 107 to 4 X 107 cpm/ (37). Stimulation with the mAb 9.3 was used as a control
5 x l0

7 cells were obtained. In a given experiment. identical cpm showing that binding to any T cell surface structure did
ere hybridized at a final concentration of 10' cpm/ml to Southern not induce TCR-a gene expression. Stimulation with the
tots of 5 pg of plasmids on which inserts had been separated from mAb 9.3 in addition to PMA had no further effect on the

vector by using appropriate restriction endonucleases. Hybridization

and washing conditions have been described elsewhere (361. induction of TCR-a gene expression by PMA. as shown
Quantitation of cell surface expression. mAb FITC-conjugated by Northern blot analysis (Fig. 1). It should be pointed

anti-Leu-4 (CD3). FITC-conjugated anti-Leu-5 (CD2). and biotin-con- out that mAb 9.3 plus PMA did not induce IL-2 production
Jugated WT31 (an antibody directed against the "framework" region
of the Jurkat a/# TCR) were obtained from Becton Dickinson (Moun- in this Jurkat subline. The TCR-O gene expression also
tain View. CA.). Anti-clonotypic TCR 6-chain mAb C305. kindly increased with the same stimuli that enhance TCR-a gene
provided by Dr. A. Weiss, Howard Hughes Medical Institute, Univer- expression. These stimuli share the property of being
sity of California San Fransisco. CA was previously described (26).
Cells were Incubated with saturating amounts of mAb and, when activators of protein kinase C (38). Interestingly, both the
necessary, stained with the second-step reagent FITC-conjugated full length 1.3 kb V#D4J C, and the 1.0-kb DJC, tran-
goat-anti-mouse Ig (Kirkegaard and Perry Laboratories. Gaithers- scripts were inducible. Cells harvested at I h after PMA
burg. MD) or FITC-avldln (Dako Corp.. Santa Barbara. CA). Cells
were then washed and fixed with 2% paraformaldehyde. Flow cytom- stimulation showed no increase In steady state TCR-a or
etry was performed on an Ortho cytofluorograph model 50HH (West- -0 mRNA levels. Near maximal induction of transcripts
wood, MA) using forward and right angle light scatter to discriminate from both genes was apparent by 6 h (data not shown).
debris, and fluorescence was quantitated using a linear scale. In contrast, the expression of the proto-oncogene c-myc

decreased after stimulation with PHA, PMA, or mAb q.3R suLTS plus PMA. A similar decrease in c-myc expression has

PMA treatment decreases the surface expression of been noted in several cell types induced to cease prolif-
the TCRICD3 complex. Before embarking on the mRNA eration or undergo further differentiation (39-4 1).
expression and transcription studies, we wanted to con- A second Jurkat cell line (Jurkat 11) was also studied,
firm previous studies showing that only I h of PMA because independently maintained tumor cell lines often
treatment of both normal T cells and tumor cell lines developdistinct characteristics. Jurkat I displayed a sev-
leads to a decrease in cell surface expression of the TCR/ eral-fold higher base line expression of the TCR-a gene
CD3 complex (17. 20. 21). Exponentially growing Jurkat as shown in Figure 2. The level of the TCR-fl gene was
cellswere treated with PMA for I or 10 h and then stained r4niillar in the two ccl lines. Upon PMA stimulation, using
with the Jurkat C.1O5 clonotvpic anti-TCR antibody, the two different concentrations (3 and 10 ng/ml) the TCR-(v
WT31 frainework antI-TCR antibody, and an anti-CD3 gen'e was induced to fhe same level in Jurkat I and 11,
•ntibody. Table I shows that at I h there is approxi- Because of the higher base linc of TCR-y gene xprcssion

" ately a 60% decrease in meati fluorescence intensity in Jurkat I compared with Jurkat I. the absolutc fold
staining witI anti-C-3 and the two anti-TCR ant ibodies, increase was less. The TCR-j3 gene w\'as indticed 1) the

Ahbrevil ith s ,-in| IIs p~t'r: CI'I X. , yolit \.inlid<'; (;J'l), HI\, + nsamc (legree aInd to i samle ]'vel ill both Jurkat I ald

Ihttict~ vtth'+.ti-luli tthyttr, ~i +'l ,,'. At'- 1.;t'Iv; tlltn ptirtl 1. 11. No diffcrence Il in cticlion was s(e Ii v.v'lit III lt(I o



.......... ......

4 <

ccr

TCR a)a.a

TCR a

TTCR a

40 *4

GPD 4*%*

Figure 1. PMA increases TCR-a and -0 steady state ntRNA levels.

Exponentially growing Jurkat I cells were treated for 12 h with medium G DM V0
extracted and equalized as desci~bed (31. 32). The upper panel (RNA)
shows 10% of each RNA sample run on a 1% non-denaturingagarosegel.
confirming the equalization. Northern blots were probed sequentiallY with
TCR-a. TClR-j3. c-oiyc. and GI'D cDNA probes. Figure 2. PMA-induced increase of TCR-a andi -ti steady slate mRNA

levels in different Jurkat cell lines. Exponent illy growing Jurkat I and
Jurkat 11 cells were treated for 12 h with medium (MED) alone or PMA at

different PMA concentrat Ions used. The expression of 3 (PMA.3) or 10 (PAt A- 10) ng/ml. RNA was rxtrat I ed and equalized) (tpper-
the household gene GPD did not vary signifrintly during panel) as described in legend to Figure 1. Northern bilots were plobed

stimlatin ofeithr cll lne (ig. ).sequentially with TCtR-a. TCR-,i. c-mijc. and GPt) MINA probes.

The effect ofctjcloheximide on PMA-induced increase 1.0-kb D,,J,,C,, transcript was unaffected by CHX add)-
oj TCR-nv and -03 mRNA levels. To determine whether lion.
PMA can induce its effects in the absence of new protein PMA-indticed increase of TCIU-a and -0l steadij state .
sYnthesis. .Jtirkat cells were stIhu,t(At with PMA in the iapxiA 't VLL. arc rued ial' by increases in fran-scrip-
presence and absence of the protei synthesis inhibitor (ion. To determine wtvhecr the I'MA-indioced incrcase in
CIIX. Figure 3 shows (lie Northern blot analysis of this TCR mRNA levels was ((tc to increasus ill trrnscripl ion.
experiment. The IN4A-Itidueed increase in TIcR?-a gene nuclear run-on transcriplion as!2;is were pierformed. Nit-
expression is compil-y indlependenit of new protein SY'l- clef were prepared from cells grown ior 12 it in (lhe
t hesis. I lowever. tI ie]CR-fi gctwc expircssio n is rei iiat c prc(-'sclle or absene of 1 () g/til I'M A. TI c rim-ron prod-
dlifferetlly. The abilitv iii PIMA to indtict, the I .3-kb ucis of these tuitt werc hvliridizi-d to Soitthii hhit,; of

V,)J, transcripit was :,igrtii jali) l reco in the lircs- T(R- . [CR-;) a ; e). (to l Lgene p).rstnid. whvrc
ence of CIIX wlicre:it ft(- l'MA-iridtcel incrvease oi Me flitii incris hadi been stcp1ii;ilhiI toitt (fic %c fr (st( li!'.
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celts 'id oil' T o(lt li cs. I'MA inlduc.es a rapid modu-
X X latiol of ihl( (/ .I):i (-omplex in Jurkat cells. in add i -

I- "r "I=" tion to imll(dU111iltll of (le TCR/CD3 complex, PMA treat-
ment increases the steady state mRNA levels of the TCR-

+ + it and TCR-fl genes. This increase in steady state mnRNA
C:J levels is due to a corresponding increase in transcription.

l W IRecently. several PMA-inducible genes have been de-
CL scribed that share a sequence motif wvith the ability to

bind the activation protein AP-1 (43, 44). The consensus
sequence of the AP- I binding site is ('I GACTAA, where
the underlined bases have to be absolutely conserved to

RNA preserve maximal PMA inducibility (43-45). The AP-1
binding site is usually found near position -70 in the
PMA-tnduclble genes described (43). Inspection of se-
quences upstream of the V regions of the TCR-a and the
TCR- . genes, recently published, reveals three possible
AP-I binding sites for each gene (46, 47). For the TCR-a
gene, they are located at -10 to -4 (ATGATGAA), at -30TCR a 9 to -24 (GTGAACCA and at -82 to -76 (ATGAGAAA)
(46). These sites all have the preserved -TGA---A sites.
The same is true for the TCR 0 gene. where the sites are
located at -52 to -46 (CTGACAGJ, at -122 to - 116
(CTGATTCA and at -138 to -132 (TTGAGTTA) (47).
Based on this sequence data, it is possible that one me-

- I diator of the transcriptional activation of the TCR-a and
TCR 0 'W U -0 genes is the PMA-inducible AP-I transcription factor.

However, AP- 1 binding to consensus sites upstream of
the V region is unlikely to be the entire stimulus for the
increased transcription we have observed. First, even
though the increase in TCR-a gene expression is com-
pletely independent of protein synthesis. as has been
shown for all other AP-1-binding PMA-inducible genes

GPD l* * ! (48-50), the increase In TCR-O is not. Second. D,,C
transcripts are also inducible in the absence of new
protein synthesis. Although it Is possible that cryptic AP-
I sites exist 5' of the D region, the fact that V4D,.JdC,
transcripts are also partly inducible in the absence ofFigure3. The effect of cyclohextide on PMA induced increase of protein synthesis suggests that both VjD,,JC,, and D,.,J,C,

TCR-a and -0 steady state mRNA levels. Exponentially growing Jurkat I
cells were treated for 12 h with either CHX alone or with CHX and PMA. transcripts may share common regulatory elements In
RNA was extracted andi equalized (see upper panel) as described in legend the D,IJCg region. It is possible that the increased tran-
to Figure 1. Northern blots were probed sequentially with TCR-a, TCR-l. scription and mRNA expression of the TCR genes results
and GPD eDNA probes.

in part from a cellular response to the rapid decrease in

4A). Figure 4B shows that the base line transcription of the surface expression of the TCR/CD3 complex Induced

the TCR-a and TCR-O gene In non-stimulated Jurkat cells by PMA. The decrease in TOR density on T cell clones
is similar. Actin and the 28S ribosomal gene were used stimulated with PMA has been shown to be associated
as control genes. No hybridization to vector (pGEM4) with a transient state of unresponsiveness to Ag (20, 21).alone was seen. Upon stimulation with PMA, transcrip- Thus, protein kinase C activation may play an important
tlon of both the TCR- and TCR-l genes were induced 5- role in the control of uninhibited proliferation in T cells.tion 10fodtash the land Roer anesofeFigureu4Bd In The decreased transcription and mRNA expression of theto 10-fold as seen in the low er panel of Figure 4B . In - y ge e o s r d af r PM st m l i n of J k t
contrast, the level of c-myc transcription was greatly c-myc gene observed after PMA stimulation of Jurkats
reduced in the PMA-treated samples. Therefore, the re- cells supports this hypothesis. c-myc expression has
duction in steady-state r-myc RNA levels is regulated been shown to correlate with the proliferative capacity of
transcriptionally. Transcription of the actin and the 28S lymphoid cells.
ribosomal genes did not change significantly. Ruin-on Recently. Shackelford et al. (51) reported that PMA will
transcription assays of Jurkat II produced similar results. induce high lcvels of CR-a mRNA in clones of the CCRF
Based on these results, It appears that PMA increases the CEM T cell tumor line, which, in the uninduced state.
steady state mRNA levels of the TCR-a and TCR-j3 genes expresses no TCR-a mRNA. There are, however, several
primarily by Increasing their transcription rate. differences in the system used in this study as compared

with ours. First, the effect on TCR-6 expression was
variable in different clones. The PMA induction of TCR-

-. tv is accompanied by the appearance of an Y-i helterodi-

In this report, we have examined the effects of IMA on iner asociated with CD3 on] the surface of these cells,
the expression of (he TCR-ty ari "'rcR-,I genes in htnia cotirary to results wiih ohther tumor (-(l] lines (Jurkat.
Jurkat T 'ells. We filut hal. as reprled for nortlal T IllT 78. III'F1-AI., "r cell hybridoinas. T 'ell clmes as
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Figure 4. R~un-on transcription assays of resting and PMA-activated Jurkat I cells. A. 5 jig of cDNA plasmids of the 28S gene. actin. TCR-x. TCR-
0, c-rnyc. and pGEM4 genes were digested with the appropriate restriction endonucleases to release insert from vector. After digestion. the DNA was
separated on a I %~ agarose gel, stained with ethidium bromide, and transferred to nitrocellulose as described (421. B. Radiolabeled run-on transcription
products from Jurlcat tells incubated for 12 h in medium (MEDI alone or with 10 ng/ml PMA were hybridized to Southern blots.

well as normal peripheral and thymic T cells (17. 20. 2 1). the transcription and steady state mRNA levels of the
A possible interpretation of these results Is that PMA TCR-x and TCR-fl genes are increased 5- to 1 0-fold within
induces a further state of differentiation in the CCRF 6 to 12 h after PMA treatment of Jurkat cells.
CEM cells, as it has been shown that TCR-cs gene expres-
sion occurs later In development than TCR-0 and CD3 Acknowledgments. The authors wish to thank Dr. A.
expression (52. 53). Thus, the results could reflect that a Weiss for his gift of the C305 mAb. Dr. J. A. Ledbetter
different cell line with different characteristics was used, for mAb 9.3. Nancy Craighead for technical assistance,
It has been reported that PMA treatment of murine thy- and Dr. J. Leiden for his thoughtful review of the manu-
mocytes also leads to Increased TCR-a and -03 mRNA script.
levels (54). However, the mechanism behind this increase
was not studied. REF'ERENCES
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